HIV protease inhibitor (PI) ritonavir (RTV) may cause vascular injury through oxidative stress. Our purpose in this study was to determine whether equol, a soy isoflavone, could prevent RTV-induced endothelial dysfunction in porcine pulmonary arteries and in human pulmonary artery endothelial cells (HPAEC). Fresh porcine pulmonary artery rings were treated with 15 mmol/L of RTV and/or equol in concentrations of 0.1, 1, and 10 mmol/L for 24 h. A control was set with no amount of equol or RTV administered. Based on myograph tension analysis, RTV significantly reduced endothelium-dependent relaxation in response to bradykinin in the artery rings compared with untreated vessels, whereas the antioxidant equol effectively reversed the RTV effect in a concentration-dependent manner. RTV also reduced the contraction of artery rings in response to thromboxane A(2) analogue U46619 and this reduction was blocked by equol. In addition, RTV treatment significantly reduced endothelial nitric oxide synthase (eNOS) expression in both porcine pulmonary arteries and HPAEC, whereas equol effectively blocked RTV-induced eNOS downregulation. Furthermore, RTV significantly increased superoxide anion production, whereas equol reversed this effect of RTV in porcine pulmonary arteries. Thus, the antioxidant equol effectively protects vascular function from the detrimental effects of HIV PI RTV in both porcine pulmonary arteries and HPAEC via a reduction in the vasomotor dysfunction, eNOS downregulation, and oxidative stress induced by RTV. These novel data suggest that equol may have a clinical application in preventing HIV-associated cardiovascular complications.
Introduction
HIV infection results in progressive immune dysfunction caused by persistent viral replication that destroys the human immune system. The use of HIV protease inhibitors (PI) 5 has improved immunologic benefits and survival, and PI have become a key component in the highly active antiretroviral therapy (HAART). Reviews of recent literature reveal that HAART regimens, especially those that include a PI, have been shown to induce metabolic syndrome, which includes dyslipidemia, insulin resis-tance, and type 2 diabetes, and this may be associated with increased risk for cardiovascular disease (1, 2) . Pulmonary hypertension, meanwhile, is a rare long-term complication that affects 0.5% of HIV-infected patients; it was first noted over 15 y ago (3) and this has not changed recently despite the use of HAART (4, 5) . In fact, the use of HAART in developed countries has increased the prevalence of pulmonary hypertension in patients with HIV by 15-20% (6) . We have previously shown that ritonavir (RTV), one of the clinically used PI, can cause endothelial dysfunction in human endothelial cells and porcine coronary and carotid arteries (7, 8) . More recently, we have demonstrated that RTV and other HAART drugs impair endothelium-dependent vasorelaxation in porcine pulmonary arteries (9) . This endothelial dysfunction is caused by downregulation of endothelial nitric oxide synthase (eNOS) and a remarkable increase in reactive oxygen species (ROS), such as superoxide anion. As such, these data suggest that antioxidant therapy may be an effective strategy to control HAART-induced endothelial dysfunction in the coronary and pulmonary vascular systems.
Soybeans are the main ingredient in many staple diets in Asian countries. Soybeans are high in active isoflavones belonging to the phytoestrogen class; these molecules are very similar in chemical structure to mammalian estrogens (10) . The isoflavones have been shown to have cardiovascular benefits on plasma lipid and lipoprotein concentrations and arterial function (11) (12) (13) . The primary isoflavones from soy are genistein and daidzein and they both bind to estrogen receptors (ER) (14) . After ingestion of the primary isoflavone daidzein, the predominant active metabolite, equol, is produced by the intestinal microflora (15) . However, 30-50% of the human population cannot produce equol (16) due to a lack of this specific gut flora (17) . This may account for the contradictory results in a review of clinical studies involving isoflavones in humans (18) . Direct use of equol may overcome this problem.
Our objective in this study was to determine whether equol could block RTV-induced endothelial dysfunction in the pulmonary vascular system. We used clinically relevant dosages of both the antiviral as well as the equol that is comparable to that found in Asian soy-based diets. Porcine pulmonary arteries were used to study the effect of RTV and equol on vasomotor functions, eNOS expression, and superoxide anion production. Human pulmonary artery endothelial cells (HPAEC) were also used for the eNOS expression study. This study may provide rationale that soybean-rich diets may prove useful as an adjunct therapy to prevent the cardiovascular complications of antiretroviral therapy in HIV-infected patients.
Materials and Methods
Chemicals and reagents. Equol was obtained from Sigma Chemical. Antibody against human eNOS was obtained from BD Transduction Laboratories. Pure RTV powder was obtained from the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH.
Tissue harvest and cell culture. Fresh porcine lungs were harvested from young adult farm pigs (6-7 mo old) at a local slaughterhouse. Porcine pulmonary arteries were carefully dissected and cut into 3-mm rings (9) . Several rings from each lung were allocated into groups: controls (DMEM), those treated with 15 mmol/L RTV, those treated with 15 mmol/L RTV plus equol (0.1, 1, and 10 mmol/L), and those treated with equol only. HPAEC were purchased from Cambrex. Once cells grew to 80-90% confluence in 6-well culture plates, they were likewise treated with DMEM, 15 mmol/L RTV, 15 mmol/L RTV plus equol (0.1, 1, and 10 mmol/L), and equol only for 24 h at 378C. Cells were then harvested and total mRNA was extracted for real-time PCR study.
Myograph analysis. The myograph tension system used in our laboratory has been previously described (7, 9) . Briefly, the rings were cultured in the medium for 24 h and then were suspended between the wires of the organ bath chamber (Multi myograph system 700MO; Myo Technology). After equilibration, each ring was precontracted with U46619 (10 27 mol/L) and the relaxation concentration-response curve was generated by the endothelium-dependent vasodilator bradykinin (10 210 , 10 29 , 10 28 , 10 27 , and 10 26 mol/L) every 3 min. Lastly, 60 mL of sodium nitroprusside (SNP) (10 26 mol/L) was added to the organ bath and endothelium-independent vasorelaxation was recorded.
Detection of superoxide anion. Levels of superoxide anion produced by endothelial cells of the porcine pulmonary artery rings were detected using the lucigenin-enhanced chemiluminescence method as previously described in our studies (7, 9) . Time-based reading of the luminometer was recorded. Final data were represented as relative light unit×(s×mm 2 ). Superoxide anion in the vessel wall was also directly visualized under the fluorescence microscope by using dihydroethidium (DHE) staining (Molecular Probes).
Real-time PCR. Endothelial cells of porcine pulmonary arteries were collected by scraping the luminal surface with a surgical blade. HPAEC were collected from culture by trypsin digestion. Total cellular RNA was then extracted and eNOS mRNA levels were detected by real-time PCR; these were then normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA levels 2 [Ct(b-GAPDH)2Ct(eNOS)] as previously described (7, 9) .
Immunohistochemistry of eNOS. Treated porcine pulmonary artery rings were fixed in 10% formalin and embedded in paraffin. Samples were sectioned at a 5-mm thickness and slides were incubated with monoclonal antibody against human eNOS (1:500) (7, 9) .
Statistical analysis. All data are presented as the mean 6 SEM. Statistical analysis was completed by comparing multiple groups with a signal control group using a 1-way ANOVA followed by Bonferroni/ Dunn post hoc test (Minitab software, Sigma Breakthrough Technologies). P ,0.05 was considered significant.
Results
Effects of RTV and equol on vasomotor function in porcine pulmonary arteries. Porcine pulmonary artery rings were cultured for 24 h with DMEM as control or treated with a clinically relevant concentration of RTV (15 mmol/L) with or without equol (0.1, 1, and 10 mmol/L). Vessel contraction was achieved by using the thromboxane analogue U46619 (10 27 mol/L). In response to U46619, the contraction of the vessel rings was reduced by 44% for the RTV-only treatment group compared with the control group (P , 0.05; Fig. 1A ). When cultured with equol as well (1 and 10 mmol/L), the contractility increased by 26 and 57%, respectively, compared with the RTV-alone group (P , 0.05; Fig. 1A ). The contraction in the equol-alone group was higher than that in the RTV-alone-treated group (P , 0.05; Fig. 1A) ; however, there was no difference compared with treatment-free controls. Endotheliumdependent vasorelaxation was induced by cumulative concentrations of bradykinin (10 29 -10 25 mol/L). Equol at 1 and 10 mmol/L blocked RTV-induced impairment in endothelium-dependent relaxation in a concentration-dependent manner compared with RTV-alone-treated vessel rings (P , 0.05; Fig. 1B ). For example, in response to bradykinin at 10 26 mol/L, the endothelium-dependent relaxation of vessel rings was reduced by 21% for the RTV-alone group compared with the control group (P , 0.05; Fig. 1C ). When cocultured with equol (1 and 10 mmol/L), relaxation increased by 19 and 22%, respectively, in a concentration-dependent manner compared with the RTV-alone group (P , 0.05; Fig.1C ). The endothelium-dependent relaxation in the equol-alone group was higher than that in RTV-alone treated group (P , 0.05; Fig. 1B,C) ; however, again, there was no difference compared with treatmentfree controls. Endothelium-independent vasorelaxation was induced by SNP. In response to SNP, treatment with RTV did not significantly affect endothelium-independent vasorelaxation compared with the control group (data not shown). Overall, RTV was found to cause vasomotor dysfunction, which was effectively reversed by equol.
Effects of RTV and equol on eNOS expression. To examine whether the level of eNOS expression corresponded to the changes in the endothelium-dependent relaxation induced by RTV and reversed by equol, we determined the eNOS mRNA level in treated vessels by real-time PCR analysis. Endothelial cells isolated from the porcine pulmonary vessels and HPAEC were used. The eNOS mRNA levels were reduced in the RTValone group compared with the control group in both porcine pulmonary artery rings and HPAEC by 38 and 53%, respectively (P , 0.05; Fig. 2A,B ). When cocultured with equol (0.1, 1, and 10 mmol/L), the eNOS mRNA levels increased in both porcine pulmonary artery rings and HPAEC compared with the RTValone group (P , 0.05; Fig. 2A,B) . The eNOS mRNA level in the equol-alone group was higher than that in RTV-alone-treated group (P , 0.05; Fig. 2A,B ). However, there was no difference compared with treatment-free controls. Meanwhile, the eNOS protein level was analyzed using immunohistochemistry staining (n = 4 for each group). A representative slide from each group is shown (Fig. 3) . The eNOS protein level at the luminal endothelial layer was reduced in the RTV-alone group compared with the control group in porcine pulmonary artery rings, and when cocultured with equol, eNOS immunoreactivity was enhanced to the level in controls. Thus, RTV reduced eNOS expression in both porcine pulmonary arteries and HPAEC, and this detrimental effect was effectively blocked by equol.
Effects of RTV and equol on superoxide anion production.
Oxidative stress has been shown to cause endothelial dysfunc-tion and vascular injury. To determine whether this is involved in RTV-induced vasomotor dysfunction, we analyzed superoxide anion production in porcine pulmonary arteries by a lucigeninenhanced chemiluminescence assay (n = 4). The superoxide anion level of the endothelial layer of vessel rings was substantially increased by 154% for the RTV-alone group compared with the control group (P , 0.01; Fig. 4 ). When cocultured with equol (0.1, 1, and 10 mmol/L), the superoxide anion level was reduced to the control levels in a concentration-dependent manner (P , 0.05 and P , 0.01, respectively; Fig. 4) . The superoxide anion level in the equol-alone group was significantly lower than that in RTV-alone-treated group (P , 0.05; Fig. 4 ), but there was no difference compared with treatment-free controls. We also investigated the level of superoxide anion using an oxidative fluorescent dye (DHE) staining and directly visualized using fluorescence microscopy. Four vessel rings for each group were studied. A representative slide is shown (Fig. 5) .
In the RTV-alone group, there was a marked increased in DHE staining (red fluorescence) in both endothelial and smooth muscle cell layers compared with the control group. When cocultured with equol, the DHE staining was reduced compared with the RTV-alone vessels (Fig. 5 ). Thus, RTV increases superoxide anion production and this effect is effectively reversed by equol.
Discussion
The results of this study demonstrate that a clinically relevant concentration of RTV significantly reduced vasocontractility and endothelium-dependent vasorelaxation in porcine pulmonary arteries. RTV also significantly decreased eNOS mRNA and proteins levels, while increasing superoxide anion production in the vessel rings, which is consistent with our previous studies (9) . RTV-induced eNOS downregulation was also confirmed in HPAEC. Importantly, we found that the antioxidant equol can effectively block these detrimental effects of RTV in porcine pulmonary arteries and HAPEC. This study reveals novel therapeutic values of equol in HIV-infected patients.
Compared with other isoflavones, equol (3.5 mmol/L) has a higher affinity for ERb (400 nmol/L) and ERa (3.5 mmol/L) (19) . Equol also has a longer plasma half-life than its parent compound, daidzein; it is detected in the urine for longer following soy challenge (20) . It is also more biologically active than daidzein in enhancing cardiac cell function (21) and has more antioxidant effects in arterial segments in vivo and in vitro (22) . As such, equol has been predicted to provide more cardiovascular protection than its parent compound daidzein (23); together with the aforementioned variation in gut production in individuals, there is a shift to focus on using equol directly in clinical studies of soy isoflavones. Daidzein, genistein, and equol can achieve plasma concentrations of 50-800 mg/L (0.2-3.3 mmol/L) in adults who consume 50 mg/d of total soy isoflavones (24) . These values are similar to the plasma concentrations in Japanese individuals who consume a traditional diet in which soy is a staple (25) . Physiologic concentrations of equol were used in this study and we showed that 1 and 10 mmol/L are effective concentrations of equol, which is relevant to potential applications in humans.
In the current study, RTV in a concentration near clinical plasma levels (15 mmol/L) induced vasomotor dysfunction, including decreased vessel contractility and endothelialdependent vasorelaxation. When the pulmonary artery rings were cultured with RTV and equol (1 or 10 mmol/L) together, there was a notable reversal of the damaging effects of RTV on vasomotor reactivity in a concentration-dependent manner. There was protective effect of equol on relaxation of the vessel walls, and the effect was endothelial dependent. We noticed that equol at 10 mmol/L also reduced vessel contraction. The reason for this observation is not clear. In the cell culture study with HPAEC, we did not observe any changes in cell proliferation in cells treated with 10 mmol/L equol compared with untreated control cells, which suggests that 10 mmol/L equol has no cytotoxity in culture conditions. Vasorelaxant effects of equol have also been shown in vitro in rat aorta (26) and carotid artery and in vivo in basilar artery (27) . The effect was noted to be both dependent and independent of eNOS activity in the rat aorta (26) . This was independent of eNOS activity in the carotid artery (27) . The difference in mechanisms of vasorelaxation could be due to the animal species and vascular bed studied; however, further study is needed.
NO produced from eNOS is a key regulator of vascular homeostasis. Decreased NO availability could be caused by decreased expression of eNOS, inappropriate eNOS activation, inadequate substrate or cofactor for eNOS, and accelerated NO degradation by ROS (28) . Using real-time PCR, the current study showed that there was a substantial decrease of eNOS mRNA expression in the RTV-treated porcine pulmonary artery. With immunohistochemistry, there was a considerable decrease in the eNOS protein levels in the endothelium of RTV-treated vessels. However, it could be a limitation that we cannot make reliable, quantitative measurements of eNOS expression with the immunohistochemistry method. Quantum dot deconvolution imaging analysis could produce reliable, quantitative measurement of eNOS expression in the vascular tissues. RTVinduced eNOS downregulation was also confirmed in HPAEC. Equol effectively blocked these effects of RTV on downregulation of eNOS in both mRNA and protein levels, suggesting a potential therapeutic role. Equol may also protect eNOS mRNA and protein from the destructive effect of increased ROS in cells treated with RTV. Indeed, the current study showed that the level of superoxide anion was decreased in the equol-treated samples. Alternatively, equol may be able to increase the synthesis of eNOS mRNA and increase the eNOS protein level. In our cell culture with HPAEC, the equol-alone group had higher levels of eNOS mRNA compared with the control group. Further study is needed to investigate the mechanism of equol in endothelial protection. To our knowledge, this is the first study to show an increased eNOS mRNA level mediated by equol. It is clearly significant that equol increases eNOS expression.
It has been well documented that oxidative stress plays an important role in endothelial dysfunction and cardiovascular disease (29) . In the current study, there was a significant increase in superoxide anion production in the endothelial layer of the RTV-treated porcine pulmonary artery rings. The oxidative stress induced by RTV may explain its effects on vascular dysfunction. This study shows that equol can block the effect of RTV-induced production of superoxide anion, leading to improved vasomotor function in porcine pulmonary artery rings. Soy consumers have genistein and daidzein, in addition to equol, circulating in their blood; however, we did not compare these compounds with equol in the current study. It will be interesting to learn in future studies whether other isoflavones also inhibit RTV-induced endothelial dysfunction. Equol has been reported to have antioxidant effects that are superior to those of daidzein or genistein (30) , and although equol and daidzein had similar antioxidant activity in vitro in the carotid artery, equol had superior antioxidant activity compared with daidzein in the basilar artery in vivo, which was via decreased NADPH oxidase-derived superoxide anion levels (31) .
Previously, we reported that several other natural substances such as capsaicin (50 mmol/L) (31), ginsenoside Rb1 (10 mmol/ L), and ginkgolide A (10 mmol/L) (9) can effectively block RTVinduced endothelial dysfunction in porcine pulmonary arteries in vitro. In addition, curcumin (10 mmol/L) and 3 ginsenosides, Rb1, Re, and Rc (10 mmol/L), effectively block RTV-induced endothelial dysfunction in porcine coronary arteries in vivo (32, 33) . In the current study, even a low concentration of equol (1 mmol/L) had blocking effects on RTV-treated porcine pulmonary arteries, suggesting that the antioxidant effect of equol may be more potent than that of other antioxidants used in our previous studies. The basic structure of isoflavones is the flavone nucleus, which, as mentioned, is very similar to mammalian estrogens (10) . Previously, we found that estrogen effectively blocked homocysteine-induced endothelial dysfunction and oxidative stress in porcine coronary arteries (34) . Estrogen has been documented to have a variety of positive effects on the endothelium (35, 36) . However, detailed pharmacologic characterizations, the mechanisms of action, and cytotoxicity of all of these compounds are not fully understood and certainly warrant future investigations in both in vitro and in vivo systems.
In summary, a clinically relevant concentration of RTV (15 mmol/L) can cause vasomotor dysfunction, decreased eNOS expression, and increased superoxide anion production. The soy equol can effectively block the detrimental effects of RTV at concentrations achieved in plasma with a soy diet. As the use of HAART regimens in HIV-infected patients becomes more prevalent, vascular complications continue to be seen, resulting from HIV infection or side effects of antiviral drugs. Also, cardiovascular disease in general is on the rise because of an aging population and high-fat western diet. The data from this study raise the possibility of new therapeutic strategies using soy for cardiovascular protection.
